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Abstract 
The present research revisits the old issue whether attitude information is best 
conveyed to pilots in a moving-horizon format or in a moving-aircraft format. Previous 
research has suggested that the moving-aircraft format might not be beneficial for flight 
path tracking but recoveries from unusual attitudes, although the result are not fully 
consistent. A limitation of studies to date is that the recovery task usually did not involve 
progressive attitude changes of the aircraft but only sudden discrete changes. Compared 
with a discrete stimulus, the continuous dynamics might increase the perceived time 
pressure to respond, which in turn can be expected to amplify the error proneness with 
a less intuitive format. Two experiments were conducted where flight novices and expe-
rienced pilots performed tracking and recover tasks with both formats. Recoveries were 
performed from both, sudden (discrete) and continuously developing attitude changes. 
Independent of whether novices or pilots were considered, the general superiority of the 
moving-aircraft format was confirmed. As expected, the benefits of this format became 
even more evident with progressive attitude changes. No differences were found for 
tracking. The results add to the evidence favoring the moving-aircraft over the moving-
horizon format for both novices and pilots. The moving-aircraft format of the attitude 
indicator should at least be considered as a standard for new applications, such as 
ground control stations of unmanned aerial vehicles. 
Public Significance Statement: The present studies confirm the general superior-
ity of the moving-aircraft over the moving-horizon reference format of attitude indica-
tors in aircraft cockpits. In addition, it shows that this superiority is even more pro-
nounced for pilots and novices when comparing recovering from realistic continuous at-
titude changes compared with commonly used sudden discrete changes. The results add 
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new arguments to the case that an adaption of moving-aircraft displays as new standard 
for aircraft cockpits would be reasonable and should at least be considered for ground 
control stations of unmanned aerial vehicles. 
Keywords: flight displays, display-control or stimulus-response compatibility, 
display design principles, expert-novice differences, unusual attitude recovery 
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Moving-Horizon Versus Moving-Aircraft: Effectiveness of Competing 
Attitude Indicator Formats on Recoveries From Discrete and Continuous 
Attitude Changes 
Maintaining a proper mental representation of an aircraft’s position and move-
ment relative to the Earth’s surface is of paramount importance for pilots (Previc & 
Ercoline, 2004). It requests a pilot’s constant awareness of the aircraft’s position relative 
to the natural horizon’s position. To ensure the pilot’s proper spatial orientation also in 
instrument meteorological conditions (i.e., when a natural horizon for visual reference is 
missing, e.g., flying above clouds or in low visibility), aircraft are equipped with an atti-
tude indicator (AI). Two different formats of this AI can be distinguished, which have 
been referred to as moving-horizon (MH, aka inside-out) or moving-aircraft (MA, aka 
outside-in) format (see Figure 1). Whereas the former represents today’s standard for-
mat used in commercial, civil, and military aviation, the latter has mainly been used by 
Russian aircraft manufacturers.1 
The MH format shows an artificial horizon that is moving according to the per-
ceived movements of the natural horizon when looking outside the cockpit windscreen 
in case of bank or pitch changes. By reference to this rolling movement, the bank angle 
of the aircraft is visualized. Banking of the aircraft to the left is indicated by turning the 
artificial horizon to the right and vice versa. The aircraft’s pitch movements are depicted 
as up or downward movements of the horizon line; that is, a pitch-up corresponds to a 
downward movement of the horizon and vice versa. In the center of the display, a fixed 
                                                   
1  Note that also other AI formats have been proposed, like the frequency-separated format (Ber-
inger et al., 1975) or the Malcolm horizon (Malcolm, 1983). However, the MH and MA format are the only 
ones, which actually have been implemented for routine operations in commercial and/or military air-
crafts.  
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airplane symbol is displayed as a stable reference. This format has always been the 
standard format used in all aircrafts manufactured in Europe and North America. The 
guiding (compatibility) principle underlying this design is the so-called principle of pic-
torial realism (Roscoe, 1968), stating that a cockpit display “should ‘look like’ or be a 
pictorial representation of the information that it represents” (Wickens, 2003, p. 152).  
 
Figure 1. Illustration of the two attitude indicator (AI) reference formats. The left side 
shows the moving-horizon (MH) format and the right side the moving-aircraft (MA) for-
mat. Both primary flight displays (PFDs) show a bank angle of 45° to the left and pitch 
up of 10°. The instruments shown were also used in the experiments. See the online arti-
cle for the color version of this figure.  
The MA format also shows an aircraft symbol in the center and an artificial hori-
zon line separating ground from sky. As with the MH format, the pitch angle of the air-
craft is represented by shifting the artificial horizon line upward or downward. How-
ever, in contrast to the MH format, the angle of bank is indicated by turning the aircraft 
symbol, while the artificial horizon line remains in a horizontal position. This means 
that bank movements of the aircraft to the right or to the left are depicted directly by 
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turning the aircraft symbol in the same direction. This format is based on the so-called 
principle of the moving part (Roscoe, 1968), stating that “the moving element on a dis-
play should correspond with the element that moves in the pilot’s ‘mental model’, or 
mental representation of the aircraft, and should move in the same direction as that 
mental representation” (Wickens, 2003, p. 152).  
The human factors issue of which of these formats is better suited to provide an 
intuitive and quick-to-interpret indication of an aircraft’s attitude has been a matter of 
concern for a long time. The majority of the studies comparing these formats have been 
conducted in the 1950–1970s. They mostly investigated the performance of flight nov-
ices or pilots in recovery tasks; that is, the participants were required to recover as 
quickly and accurately as possible from unusual flight attitude to a horizontal flight (e.g., 
Roscoe & Williges, 1975). When investigating flight novices, a clear superiority of the 
MA over the MH format, in terms of quicker response times and/or less reversal errors, 
that is, incidents where participants initially steered in the wrong direction, were found. 
Results of rather rare studies with experienced pilots were not as consistent as with nov-
ices, though, with some studies showing advantages of the MA compared with the MH 
format (e.g., Dunlap & Associates, 1955; cited in Previc & Ercoline, 1999), some studies 
showing the reverse (e.g., Beringer, Williges, & Roscoe, 1975), but the majority of studies 
showing no clear differences between both AI formats (e.g., Browne, 1954; Roscoe & 
Williges, 1975). The latter result suggested that switching from the MH format to the un-
familiar MA format would not lead to significant performance impairments, even in ex-
perienced pilots (over-)trained with the MH format. Overall, the results of this time pe-
riod suggest that the MA format of the AI might be more intuitive than the MH format, 
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although the latter continued to be the standard AI format in most aircraft until today 
(cf. reviews by Johnson & Roscoe, 1972; Previc & Ercoline, 1999). 
A number of theories have been raised to explain the potential superiority of the 
MA format specifically for recovery tasks (Previc & Ercoline, 1999). The most promising 
ones relate to the higher response-effect compatibility of the MA compared with the 
MH format. The response-effect compatibility is reflected in the fact that inputs at the 
sidestick or yoke to the right or left lead to direct corresponding (thus, compatible) 
movements of the aircraft symbol in the MA display, but directly opposite (thus, incom-
patible) movements of the artificial horizon in the MH display (Janczyk, Pfister, 
Crognale, & Kunde, 2012; Janczyk, Yamaguchi, Proctor, & Pfister, 2015). It has been 
shown that this involves extra cognitive effort in building a proper mental representa-
tion of the aircraft’s position even for experienced pilots (Kovalenko, 1991). This theory 
implicitly assumes that pilots intuitively tend to interpret the movements of the display 
as what they control by their steering input. This is in line with the so called neuropsy-
chological reference model proposed by Previc and Ercoline (1999), which predicts that 
objects in close proximity to the pilot, like cockpit instruments, will always be perceived 
and processed as controllable and moving objects, one can interact with, while large-
scale movements in far distances of the field of view, like the natural horizon, are usually 
interpreted as consequences of self-motion. Overall this would mean that the compati-
bility principle of the moving part entails much stronger effects and becomes dominant 
over the rivaling principle of pictorial realism. 
The issue has received new attention nowadays, mainly related to new genera-
tions of cockpit design and issues of designing ground stations for control of unmanned 
aerial vehicles (e.g., Beringer & Ball, 2009; Cohen, Otakeno, Previc, & Ercoline, 2001; 
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Ding & Proctor, 2017; Gross & Manzey, 2014; Lee & Myung, 2013; Müller, Roche, & 
Manzey, 2019; Müller, Sadovitch, & Manzey, 2018). The result of these more recent 
studies are less consistent than the previous research with respect to the effectiveness of 
the two formats. Some of these studies were in line with the results of the earlier studies 
and reaffirmed the superiority of the MA format (Ding & Proctor, 2017; Lee & Myung, 
2013; Müller et al., 2018). However, others could not replicate the advantages of the MA 
compared with the MH format (Cohen et al., 2001; Gross & Manzey, 2014; Yamaguchi & 
Proctor, 2010).  
This discrepancy may be attributable to several factors, including the flight tasks 
considered and the overall layout of the display used. For example, Cohen et al. (2001) 
and Yamaguchi and Proctor (2010) did not use recovery tasks to compare the perfor-
mance consequences of the two AI formats, but a simulation of a flight path tracking 
task. In these simulations, participants were required to maintain a horizontal flight at-
titude despite of continuous deviations, simulating turbulent atmospheric conditions. 
Thus, this task involved the response to continuously occurring deviations from a hori-
zontal attitude, which, however, were relatively small, requesting only small inputs at 
the control device. In contrast, the recovery tasks usually used in other research simu-
lates a possibly dangerous flight situation in which the aircraft changes its attitude be-
cause of environmental impact, a flight system failure, or pilot induced causes. The pilot 
is surprised by this unexpected, extreme flight attitude change, needs to establish as 
quickly as possible a proper spatial orientation by looking at the AI, and must initiate a 
rapid compensatory flight maneuver, to recover to a horizontal attitude (e.g., Roscoe & 
Williges, 1975). In flight trainings, this task is usually called upset recovery. The student 
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closes the eyes and lowers the head, while the instructor maneuvers to the unusual atti-
tude. In laboratory studies, the “undetected” change of the flight attitude is often 
skipped, and the unusual altitude is presented as a sudden change in the AI. It is obvi-
ous, that this latter task involves higher demands on spatial orientation as a tracking 
task, which might be the reason that performance in recovery tasks is more sensitive to 
differences between the different AI formats than tracking performance. Support for 
this has also been provided by a recent study of Müller et al. (2018) who found the MA 
format superior than the MH format for tracking tasks only for flight novices but not ex-
perienced pilots.  
Another factor responsible for the inconsistent findings in more recent research 
might be assumed in the chosen general layout of the used AI displays. While studies, 
which found benefits of the MA compared with the MH display, usually used displays 
resembling or even directly corresponding to typical primary flight displays (PFDs) ac-
tually implemented in today’s aircrafts (Lee & Myung, 2013; Müller et al., 2018), studies 
not finding differences often used more artificial laboratory displays (Gross & Manzey, 
2014; Yamaguchi & Proctor, 2010). 
The present study again addresses the issue of what AI format is more intuitive 
and better suited to support spatial orientation and attitude control. Capitalizing on our 
previous research (Müller et al., 2018), we involved flight novices and experienced pilots 
who were requested to perform tracking and recovery tasks with support of different AI 
formats, implemented in primary flight displays, closely resembling those used in cur-
rent generations of aircraft. However, going beyond our previous approach, we did not 
only use the conventional recovery task, which has been used in all previous research, 
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that is, recovery from suddenly occurring discrete attitude changes, but also a task ver-
sion where the attitude changes occurred dynamically (continuously) with different an-
gular velocities. The rationale behind this variation was twofold. First, attitude changes 
in flying and particular roll movements of aircraft are dynamic events, which develop 
continuously across time with a more or less high angular velocity. Usually, this velocity 
is not very high but might increase considerably in case of system failures or even dam-
ages. Thus, providing pilots the opportunity to observe the dynamic and progressive 
change of the attitude on their AI and, thus, to respond quickly and early to such 
changes seem to be a bit more realistic than to present sudden discrete changes. The lat-
ter just simulate the somewhat artificial situation, where pilots have not monitored the 
PFD for a while and then suddenly notice an extreme attitude change. Second, it was ex-
pected that observing dynamically developing attitude changes would increase the sub-
jective time pressure to respond to recover as quickly as possible before the situation be-
comes too extreme, especially the faster the bank angle advances toward an unsafe flight 
attitude. This in turn, should raise the probability to respond spontaneously with the 
most intuitive response (Kahneman, 2011; Wickelgren, 1977), a mechanism proposed to 
have contributed to at least two recent crashes where Russian pilots were required to re-
cover from an extreme flight attitude with a Western MH AI in a stressful situation (Eid-
genoessisches Departement für Umwelt, Verkehr, Energie und Kommunikation, 2002; 
Interstate Aviation Committee, 2008). Thus, responses to a progressive developing atti-
tude change should be an even more sensitive test for comparing the two AI formats 
with respect to how intuitive they are.  
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Two experiments were conducted. In the first one, flight novices performed a 
simulated flight path tracking task, as well as different recoveries from a discrete atti-
tude change (±45°) and continuous attitude changes with different angular velocities, 
respectively. The tasks had to be performed with both AI formats and displays designed 
in a way that closely resembled typical AIs currently in use in modern glass cockpits. 
Based on our previous research (Müller et al., 2018), we expected that novices would 
perform both tasks better with the MA compared with the MH format. Because of the 
assumed higher time pressure perceived with continuously developing attitude changes, 
we further expected that the performance differences between the two formats would 
become most pronounced for recoveries from continuous attitude changes, dependent 
on the angular velocity. 
The second experiment replicated the first one but with (MH) trained pilots as 
participants. With respect to tracking, that is, a task which these pilots were most used 
to perform with “their” display from flying, we expected they would perform better (or at 
least equally well, see Cohen et al., 2001) with the MH than the MA format. Predictions, 
how the pilots would perform recoveries from discrete versus continuous attitude 
changes were more difficult to derive, though. On the one hand, even relatively fast con-
tinuous attitude changes might represent situations that pilots find generally more fa-
miliar than sudden discrete changes. This might make it easier for them to respond to 
such changes quickly and accurately with either display. On the other hand, seeing the 
dynamic change and the assumed raised time pressure should also cause them to re-
spond more quickly and intuitively than they usually do. In this case, they also would be 
expected to perform better with the more intuitive MA display.  
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In both experiments not only flight performance measures were considered, but 
also subjective ratings of workload experienced when performing the various tasks with 
the different AI formats. This was done to explore whether participants subjectively per-
ceived performing the tasks with one of the AI formats as easier and less loading than 
with the other. This would be particularly informative, if participants tried to compen-
sate differences in difficulty between the two AI formats by some extra effort. 
The general method of both experiments is presented hereafter. Then, the spe-
cific method, the results, and a detailed discussion for each experiment is given. To sum-
marize the article, a discussion of both experiments with conclusion is offered.  
MOVING-HORIZON VERSUS MOVING-AIRCRAFT 13 
General Method 
Apparatus 
A PC-based flight simulator was used to carry out the experiments. The research 
simulator had a wooden mock-up cockpit panel that was inspired by a Cessna 172 
Skyhawk SP G1000. A PFD was presented on a screen that was implemented in the 
mock-up. For both AI formats the general layout of the PFD was designed to reproduce 
the typical design of an Airbus A320 PFD as closely as possible (see Figure 1). Only a few 
changes had to be made to this PFD design to meet the requirements of a use by naïve 
participants and the studies’ task. These changes included a resign of the flight mode an-
nunciator in the upper part of the display, the indications of control limits, and the bank 
indicator (aka skypointer). The latter was dismissed to provide no alternative cue than 
the AI for performing the recovery task. A Logitech Extreme 3D Pro joystick was used as 
input device and its input deflections were linearly transferred into pitch and roll rates. 
The simulation was a reduced linear flight model considering two degrees of freedom 
(pitch and roll). The outside view was generated by an X-Plane simulation and projected 
on the wall approximately 1.2 m behind the mock-up cockpit. 
Tasks 
Tracking. The participants’ first task was a tracking task. Two separate random 
disturbance functions each axis simulated atmospheric turbulences. They were based on 
the sum of five sine functions (Fracker & Wickens, 1989). The participants were re-
quired to maintain a stable horizontal flight with bank and pitch angle of 0° by compen-
sating the disturbances with inputs on x and y-axis of the joystick. The amplitude in 
bank was three times the amplitude in pitch. 
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Recovery. The second task was to recover from four different types of unex-
pected attitude changes: One sudden change of bank angle to ±45° (discrete stimulus) 
and three continuous roll movements with 45, 90, and 180°/s to the left or to the right. 
While presenting the stimuli, the pitch angle was at 0° but could be altered by the par-
ticipants while recovering. The participant had 10 s to recover to 0° pitch and 0° bank. 
After finishing one trial, the next stimulus was presented after a random time interval of 
5–12 s.  
Design 
The study designs of both experiments included a within-subject factor that rep-
resented the two reference formats of the attitude; MA and MH. A second within-subject 
factor contained four levels and was only used for investigating the impact of the differ-
ent types of attitude changes in the recovery task (discrete change of 45°, continuous 
change with 45°/s, continuous change with 90°/s, and continuous change with 180°/s). 
Dependent Measures 
Performance in the tracking task was assessed in terms of tracking error for both 
axes, bank, and pitch, separately. The deflections from 0° were recorded with a fre-
quency of 60 Hz and used to calculate the root mean square error (RMSE) in bank and 
pitch across trials. The lower the RMSE value, the better the participant was able to 
maintain a horizontal flight attitude. 
Two objective performance measures were recorded to measure the perfor-
mances in the recovery task, the response time and the number of reversal errors. The 
response time assessed the time participants needed to respond to the AI change, and 
was defined as the time (in milliseconds) from the first appearance of an AI change in 
the PFD until the first recordable movement of the flight joystick (in either direction). A 
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reversal error was defined as an initial joystick input after the recovery stimulus that 
was initiated to the wrong direction; that is, an input that amplifies instead of compen-
sates the induced bank angle change. 
In addition to the performance measures, the NASA-TLX (Hart & Staveland, 
1988) was used as a subjective measure to assess the perceived workload when perform-
ing the recovery tasks with the different AI formats. An overall workload score was de-
rived by simply averaging the individual ratings across the six subscales (RAW TLX; 
Hart, 2006). 
Data Analysis 
The usual alpha-level of 5% was used for considering effects significant in the fol-
lowing analyses. Before data analyses, outlier corrections were made. When analyzing 
the tracking data, participants with a bank RMSE that was three standard deviations 
above the mean of the respective condition, were omitted. The tracking task’s RMSE 
(aggregated across both 2-min parts) and the NASA-TLX data were then analyzed by 
one-way analysis of variances (ANOVAs) with repeated measures across the factor AI 
format. 
Regarding objective performance measures of the recovery task, only successfully 
completed recovery trials were considered for the analysis. These trials included all tri-
als where the participants were able to restabilize the attitude of the aircraft to a hori-
zontal flight within 10 s and kept it stable for another 2 s within a range of ±2°. Addi-
tionally, for the analyses of response times, only successful trials without reversal error 
and a response time ≥ 100 ms were considered. To investigate the effects of the experi-
mental factors on response time, two independent ANOVAs were used. First a 2 (AI for-
mat) × 2 (dynamics of stimulus: discrete vs. continuous) repeated measures ANOVA 
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was calculated to evaluate the effect of a discrete versus continuous attitude changes. 
The data of the three angular speeds in the continuous trials were aggregated for this 
analysis. A second 2 (AI format) × 3 (angular speed: 45, 90, 180°/s) ANOVA was com-
puted to evaluate specifically the impact of the angular speed of the roll movements in 
trials consisting of a continuous stimulus.  
The analyses of reversal error data followed the same structure but based on a lo-
gistic regression approach with mixed models, taking the dichotomous nature of the re-
versal error data into account. A random effects variable for participants was included in 
the models, to control for nuisance variance of interindividual differences. Fixed factors 
are AI format and angular speed or dynamics of stimulus, respectively. The model selec-
tion then was performed by likelihood ratio tests, which reveals the best fitting model 
out of various alternative models. To calculate p values of the effects, likelihood ratio 
tests for model comparison (full model vs. model without main effect or interaction ef-
fect) were performed. The effect size ωp2 of each effect was calculated according to the 
approach of Nakagawa and Schielzeth (2010).  
Experiment 1 
Method 
Participants. Twenty-six participants were included in the study (16 women, 10 
men). None of them had any prior knowledge of flying a real aircraft, whatsoever. One 
participant had some limited flying experiences, based on casually flying in a flight sim-
ulator. The participants’ age ranged from 18 to 65 years with a mean of 28.3 years 
(SD = 9.5). Every participant was compensated with either 7.00€ or course credits. The 
simulator study was approved by the Ethics Board of the Technische Universität Berlin’s 
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Department of Psychology and Ergonomics and all participants were treated according 
to the Declaration of Helsinki. 
Procedure 
Each experiment began with a standardized briefing, consisting of the test proce-
dure, the two tasks, and the flight displays. The briefing was followed by a familiariza-
tion phase (4 min) to accommodate the participants with the aircraft’s simulation and 
controls. During the familiarization phase, the participants were required to make sev-
eral flight maneuvers with turns and level flights, while only the outside view was pro-
jected as an attitude reference. This familiarization phase was included to make the 
flight novices familiar with the underlying logic particularly of the MH display; that is, 
its logic to present movements of an artificial horizon corresponding to how the changes 
of the natural horizon would look like when looking outside the cockpit window. 
The following experiment was divided into two experimental blocks, representing 
the two AI format conditions. At the beginning of each block, the participants performed 
a training with the given AI display. This training, first, consisted of basic flying tasks to 
be performed with support of PFD while the outside view was still shown (about 4 min). 
Then, in a second phase of training (about 4 min), the outside view was disabled, and 
just the PFD with the AI remained as a reference to control the attitude of the aircraft. 
The data collection in each block was split into two parts, each including a 2-min 
tracking task followed by 16 trials (4 types × 2 directions × 2 replications) of the recov-
ery task in random order with the given AI. The block was concluded by providing 
NASA-TLX ratings of the perceived workload while performing the recovery task with 
the given AI. After a short break, the AI was changed and the second block was started 
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with the same structure as the first one. The order of blocks (AI format) was balanced 
across participants. Overall, the whole session lasted about 60 min for each participant. 
Results 
Tracking task. One participant was considered an outlier in the tracking task. 
This reduces the sample size for the tracking analysis to 25 participants. No significant 
differences emerged in tracking performance dependent on the AI format, neither for 
the RMSE of bank, F(1, 24) = 0.01, p = .938, ηp2 < .01, nor the RMSE of pitch, 
F(1, 24) = 0.35, p = .562, ηp2 = .01. 
Recovery task. Overall, only 3.67% of all recovery trials were excluded from 
data analysis because of unsuccessful recoveries or too fast responses. 
Recoveries of discrete versus dynamic attitude changes. Mean re-
sponse times for both AI formats in discrete versus continuous changes of the attitude 
are shown in Figure 2A. The participants responded significantly faster while flying with 
the MA display (M = 556.8 ms, SE = 18.8 ms) than with the MH display (M = 623.3 ms, 
SE = 19.1 ms), F(1, 25) = 19.57, p < .001, ηp2 = .44. Additionally, they responded quicker 
in the continuous (M = 570.9 ms, SE = 15.8 ms) versus discrete (M = 609.1 ms, 
SE = 21.1 ms) condition, F(1, 25) = 8.34, p = .008, ηp2 = .25. No significant interaction 
effect AI Format × Dynamics emerged, F(1, 25) = 2.41, p = .133, ηp2 = .09. 
The mean percentages of reversal error committed by the participants when per-
forming the recoveries with the two AI formats and the different dynamics of attitude 
changes are shown in Figure 2B. The mixed model with an AI Format × Dynamics of 
Stimulus interaction of the two fixed effects and the participants as random factor with a 
random intercept and random slope on AI format appeared to be the best fitting model. 
Comparing both formats, it is apparent that participants committed overall less reversal 
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error in the MA condition (M = 12.1%, SE = 2.6%) than in the MH condition 
(M = 24.0%, SE = 2.5%). This effect is reflected in a significant main effect of AI format, 
χ2(1, N = 26) = 22.71, p < .001, ωp2 = .092. The main effect dynamics did not reach sig-
nificance, χ2(1, N = 26) = 0.87, p = .352, ωp2 = −.002, though. However, as expected, an 
interaction effect AI Format × Dynamics emerged, χ2(1, N = 26) = 4.48, p = .034, 
ωp2 = .002. This interaction effect was reflected in participants committing considerably 
higher number of reversal error in response to continuous (M = 28.6%, SE = 3.3%) ver-
sus discrete changes (M = 19.4%, SE = 2.8%) when working with the MH display, while 
almost no difference was present for the MA display (continuous: M = 11.1%, SE = 2.5%; 
discrete: M = 13.0%, SE = 3.3%). 
 
Figure 2. Novices’ means of (A) response time and (B) reversal error on discrete and 
continuous recovery stimuli in both attitude indicator (AI) format conditions, moving 
horizon (MH) and moving aircraft (MA). Error bars represent standard errors. 
Recoveries of continuous attitude changes with different angular 
speeds. Mean response times for recoveries from continuous attitude changes with dif-
ferent angular speeds are shown for both AI formats in Figure 3A. Independent of the 
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speed of roll movements, participants responded generally quicker in condition MA 
(M = 548.3 ms, SE = 18.5 ms) compared with MH (M = 588.0 ms, SE = 17.7 ms), 
F(1, 25) = 4.47, p = .045, ηp2 = .15. As expected, the response time of participants was 
further affected by the angular speed of the attitude change; that is, participants re-
sponded the quicker the faster the angular speed of the continuous roll movements 
were, F(2, 50) = 9.38, p < .001, ηp2 = .27. No interaction effect AI Format × Angular 
Speed emerged, F(1.47, 36.72) = 0.39, p = .617, ηp2 = .02. 
Figure 3B depicts the mean proportion of reversal errors for the same conditions. 
The model including the fixed factor AI Format × Angular Speed interaction and the 
participants as random factor with a random intercept and random slope for AI format 
proved to be the best model fit. Over all continuous stimuli, significant fewer reversal er-
ror were committed in condition MA (M = 11.1%, SE = 2.5%) compared with MH 
(M = 28.6%, SE = 3.3%), χ2(1, N = 26) = 26.38, p < .001, ωp2 = .124. In addition, and 
mirroring the effects in response time, significant more reversal error occurred with 
faster angular speed of roll movements, χ2(2, N = 26) = 8.25, p = .016, ωp2 = .009. How-
ever, no significant interaction AI Format × Angular Speed emerged, 
χ2(2, N = 26) = 0.36, p = .836, ωp2 = −.002. 
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Figure 3. Novices’ means of (A) response time and (B) reversal error for each angular 
speed of continuous recovery tasks in both attitude indicator (AI) format conditions, 
moving horizon (MH) and moving aircraft (MA). Error bars represent standard errors. 
Workload. Because of missing data, one participant had to be excluded from 
this analysis of the NASA-TLX data. The mean ratings of the NASA-TLX after each AI 
format block did not reveal a significant effect (MH: M = 40.6, SE = 3.8; MA: M = 38.2, 
SE = 3.9), F(1, 24) = 2.14, p = .157, ηp2 = .08. 
Discussion 
The results of the first experiment based on flight novices confirm our previous 
findings, pointing to an advantage of the MA versus MH AI format for this group, even 
when currently used PFD designs are considered (Müller et al., 2018). However, this 
time, the benefit of the MA format only emerged in the recovery tasks, but not in track-
ing. The latter “no-effect” is more in line with the findings of Yamaguchi and Proctor 
(2010) who also did not find any differences in tracking performance of novices sup-
ported by different AI formats. This suggests, that even for novices, differences between 
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the two AI formats in respect to supporting tracking performance might not be large and 
not consistently be found.  
So much the clearer differences between the two AI format emerged for the re-
covery tasks. Going beyond the evidence gained from previous studies (Ding & Proctor, 
2017; Lee & Myung, 2013; Müller et al., 2018), the results suggest that the benefits of the 
MA format for this type of task are not limited to recoveries from discrete attitude 
changes, but becomes even more pronounced, when the unexpected roll movements de-
velop continuously with a given angular speed. Such effect was expected, because con-
tinuously developing attitude changes should raise the perceived time pressure to re-
spond, which, in turn, should cause a tendency to respond more intuitively to such dy-
namic compared with discrete attitude changes. Directly in line with this assumption is 
the finding of overall quicker response times for the continuous compared with the dis-
crete attitude changes and the significant increase of response speed with higher angular 
speeds. Thus, the increase of reversal errors in the continuous condition dependent on 
the angular speed seems to reflect a basic speed–accuracy trade-off (Wickelgren, 1977). 
Given that higher time pressure can be expected to lead to more intuitive responding 
(Kahneman, 2011), this effect provides even stronger evidence than previous studies 
that the moving-part compatibility principle underlying the design of the MA format, in-
deed, is more effective than the alternate principle of pictorial realism underlying the 
design of the MH format in supporting natural response tendencies. This also further 
supports the theoretical explanations provided by Janczyk et al. (2015) and Previc and 
Ercoline (1999) in terms of the response-effect compatibility and the neuropsychological 
reference model, which both argue for the MA display to be generally superior. On a 
subjective level, the differences between the two AI formats were not mirrored in the 
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overall workload rating. This suggests, that the participants were not aware that the MA 
format made it easier for them to respond, or have compensated for differences by any 
extra effort. However, because the NASA-TLX ratings were not sampled for single con-
ditions, no clear link can be made to the different types of attitude changes included in 
the study. 
Whether similar time-pressure effects induced by continuous attitude changes 
would also become visible in experienced pilots who are well trained with the MH for-
mat and presumably more familiar with continuous than discrete attitude changes was 
addressed in the second experiment.  
Experiment 2 
Method 
Participants. Twelve certified airline pilots (1 woman, 11 men) participated in 
the study. The pilots’ age ranged from 25 to 63 years (M = 39.3, SD = 13.4). Their expe-
rience ranged from 220 to 25,000 total flight hours with a mean of 8,186 hr 
(SD = 9,116). All pilots were trained to fly according to instrument flight rules (IFR). 
They all received their IFR training and experience with MH formatted displays or in-
struments. The pilots volunteered their time to participate in the study. Also this study 
was approved by the Technische Universität Berlin’s Ethics Board and was conducted in 
accordance with the Declaration of Helsinki. 
Procedure. The procedure of the second study corresponded largely to the pro-
cedure of the first study. However, because of higher experience and knowledge, famil-
iarization and practice phase was considerably shortened for pilots. The briefing was 
condensed, and the phases to familiarize to the simulator and the AI format conditions 
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were reduced to one session showing outside view and PFD at the same time. Overall, 
the experimental session lasted about 45 min for each pilot. 
Results 
Tracking task. Corresponding to the results for novices, the pilots did not show 
any differences in tracking performance, either. No significant AI format effects were 
observable in the analysis of RMSE for bank, F(1, 11) = 0.62, p = .447, ηp2 = .05, and for 
pitch, F(1, 11) = 0.01, p = .920, ηp2 < .01. 
Recovery task. Altogether 2.08% of all recovery trials were either unsuccessful 
recoveries or to fast responses and, therefore, omitted from data analysis. 
Recoveries of discrete versus dynamic attitude changes. Figure 4A 
shows the response time of the pilots in both AI format conditions in discrete and con-
tinuous recovery tasks. Considering the factor AI format, the pilots responded signifi-
cantly faster in condition MA (M = 485.2 ms, SE = 17.6 ms) compared with MH 
(M = 566.6 ms, SE = 36.0 ms), F(1, 11) = 10.89, p = .007, ηp2 = .50. Neither the main ef-
fect of factor dynamics, F(1, 11) = 1.93, p = .193, ηp2 = .15, nor the interaction effect AI 
Format × Dynamics were significant, F(1, 11) = 4.29, p = .063, ηp2 = .28. 
Figure 4B shows the mean percentages of reversal errors committed by the pilots 
when performing the recoveries. Again, the model with an AI Format × Dynamics of 
Stimulus interaction of the fixed effects and the participants as random factor with a 
random intercept and random slope on AI format fitted best. Neither the main effect of 
format, χ2(1, N = 12) = 2.37, p = .124, ωp2 = .064, nor the main effect Dynamics, 
χ2(1, N = 12) = 0.37, p = .545, ωp2 = −.007, became significant. However, the interaction 
effect became significant, χ2(1, N = 12) = 8.68, p = .003, ωp2 = .022. Pilots committed 
more reversal errors in response to the continuous stimulus (M = 20.6%, SE = 3.9%) 
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compared with the discrete stimulus (M = 9.0%, SE = 3.7%) in condition MH. Yet, they 
made slightly fewer reversal errors in response to the continuous stimulus (M = 6.7%, 
SE = 2.2%) compared with the discrete stimulus (M = 11.8%, SE = 5.5%) in condition 
MA. 
 
Figure 4. Pilots’ means of (A) response time and (B) reversal error on discrete and con-
tinuous recovery stimuli in both attitude indicator (AI) format conditions, moving hori-
zon (MH) and moving aircraft (MA). Error bars represent standard errors. 
Recoveries of continuous attitude changes with different angular 
speeds. Mean response times of pilots for recoveries of continuous attitude changes 
with different angular speeds are shown in Figure 5A. As becomes evident, the pilots re-
sponded generally faster when working with the MA (M = 487.7 ms, SE = 18.4 ms) com-
pared with the MH display (M = 550.1 ms, SE = 38.8 ms), reflected in a main effect of AI 
format, F(1, 11) = 7.51, p = .019, ηp2 = .41. However, neither the main effect of angular 
speed, F(1.62, 17.81) = 0.45, p = .604, ηp2 = .04, nor the AI Format × Angular Speed in-
teraction became significant, F(1.24, 13.65) = 1.89, p = .192, ηp2 = .15. 
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Figure 5B shows the descriptive data of the analysis on angular speeds in terms of 
reversal error. Again, the model including the fixed factor AI Format × Angular Speed 
interaction and the participants as random factor with a random intercept and random 
slope on AI format proved to be the best model fitting. Comparing the formats over all 
continuous stimuli, significantly fewer reversal error occurred in condition MA 
(M = 6.7%, SE = 2.2%) compared with the MH condition (M = 20.6%, SE = 3.9%), 
χ2(1, N = 12) = 8.27, p = .004, ωp2 = .143. Additionally, significantly more reversal error 
occurred with faster angular speed of roll movements, χ2(2, N = 12) = 8.06, p = .018, 
ωp2 = .047. The mean error rates depicted in Figure 5B suggests, that this latter effect 
was mainly because of the rise of error rates in the 90 and 180°/s conditions compared 
with the slowest 45°/s condition. No significant interaction effect of AI Format × Angu-
lar Speed emerged, χ2(2, N = 12) = 0.29, p = .864, ωp2 = .012. 
 
Figure 5. Pilots’ means of (A) response time and (B) reversal error for each angular 
speed of continuous recovery tasks in both attitude indicator (AI) format conditions, 
moving horizon (MH) and moving aircraft (MA). Error bars represent standard errors. 
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Workload. The rating of the pilots’ perceived workload via NASA-TLX after 
each AI format block did not differ significantly in the overall score (MH: M = 27.6, 
SE = 3.7; MA: M = 23.5, SE = 2.8), F(1, 11) = 0.76, p = .401, ηp2 = .07. 
Discussion 
Corresponding to the results of our novices sample, the tracking task did not re-
veal significant effects between AI formats. In the case of pilots, this was expected be-
cause of their higher familiarity and practice with flight path tracking based on a MH 
display and the fact, that even a small benefit of the MH compared with the MA display 
was found for pilots performing a tracking task in our previous research (Müller et al., 
2018). However, when they needed to recover quickly from unusual attitudes, even in 
this group, effects in favor of the MA display again became apparent. In the discrete 
condition, this was reflected in quicker response times with almost unchanged prone-
ness for reversal errors. In the continuous condition, the impact of the AI format on per-
formance was even more pronounced. Here, the pilots, although originally trained with 
the MH display, were able to respond quicker and also more reliably with the unfamiliar 
MA than with “their” MH display. However, the raised time pressure to respond to con-
tinuous attitude changes that we assumed, did not manifest in the data of pilots. In con-
trast to the novices (Experiment 1), the pilots responded as quickly to the continuous as 
to the discrete attitude changes. The fact, that this nevertheless lead to higher error rates 
with the MH than the MA display suggests, that looking at a continuously developing at-
titude change on the MH display has increased the tendency to respond intuitively with 
a correcting countermovement, instead of a movement in the same direction that would 
have been the proper response for this display. In contrast, observing the same continu-
ous change on the MA display led to even higher portion of correct responses than in the 
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discrete condition. These effects emerged even though the MH display used in this study 
was integrated in a PFD highly similar to the one they were used to from flight training 
and daily practice. Again, this provides strong evidence for the MA display being consid-
erably more compatible with natural response tendencies than the MH display, if the 
task to be performed is relatively unusual and only know from simulator lessons. Over-
all, the findings of this second experiment does not only confirm the results in favor of 
the MA display also for pilots reported by Müller et al. (2018, Experiment 2) but also ex-
tend the conclusions to continuously evolving attitude changes. They also provide an-
other empirical support for early observations of Kovalenko (1991) pointing to the fact, 
that even pilots trained with the MH display obviously need increased cognitive effort to 
interpret it correctly compared with the MA display.  
Remarkably, also for the pilot sample, the performance difference in the recovery 
task were not reflected in the subjective workload ratings. This suggests that also the pi-
lots were subjectively not aware of the higher cognitive demand of the MH format. This 
might present a risk because they obviously do not realize their susceptibility to errors 
with this display. A similar result was found by Müller et al. (2019) in a study with 
highly trained flight novices when transferring from MH to MA format and vice versa. 
Summary and Concluding Discussion 
The present research revisits the classic human factors issue of what reference 
format of the AI in commercial aircrafts might be most useful to support the spatial ori-
entation of pilots in case no outside view is available. In contrast to many earlier studies, 
this research included a more realistic set of nominal and off-nominal flight tasks, which 
had to be performed relying on actual AIs of modern glass cockpit PFDs.  
MOVING-HORIZON VERSUS MOVING-AIRCRAFT 29 
Taken together, both experiments provided another evidence for the superiority 
of the MA format over the MH format, at least for flight tasks, which are somewhat unu-
sual and/or require quick and strong responses. Therefore, while no differences between 
the two formats were found when novices or pilots were requested to perform a simu-
lated flight path tracking with only small deviations, which need to be corrected, a clear 
benefit of the MA display emerged for recoveries from unusual attitudes. Thus, these 
findings add further support for the theory of response-effect compatibility (Janczyk et 
al., 2015) and neuropsychological reference model (Previc & Ercoline, 1999). 
In contrast to previous research, the current study did not only investigate recov-
ery performance in response to sudden discrete attitude changes but also to continu-
ously evolving ones, what pilots might find more familiar from real flight situations. For 
both groups, these dynamically evolving attitude changes made the differences between 
both AI formats even clearer. As expected, novices tended to respond faster to these 
changes, which led to higher error rates in their initial movements. For pilots no evi-
dence of raised time pressure was observed in response times, but they nevertheless be-
came more error prone when recovering from continuous changes. This is in line with 
our assumptions that dynamic attitude changes provoke a more intuitive responding, 
which then makes the MA format advantageous, but it is not entirely certain whether 
this can be attributed to a greater perceived time pressure. Overall, these results suggest 
that the advantage of the MA compared with the MH display indeed is superior, because 
it better fits to natural response tendencies (cf. also Previc & Ercoline, 1999). Confirm-
ing similar results of Müller et al. (2018), this shows that early results of the 1950–
1970s, pointing in the same direction, were not just specific for the relatively small in-
struments of that time but also apply to the larger PFD design of current aircraft. 
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In the pilot sample, the benefits of the MA compared with the MH display 
emerged although the two AIs were implemented in typical PFDs used in current glass 
cockpits and even though the pilots were highly trained with the MH format. This sug-
gests, that even MH trained pilots might have no difficulties if they transferred from 
“their” MH to the MA format; that is, transferred from an incompatible to a more com-
patible and intuitive display format. However, the reverse transfer from MA to the MH 
format can involve much bigger issues (Kovalenko, 1991; Müller et al., 2019) and even 
lead to severe consequences for flight safety, as indicated by recent flight accidents (In-
terstate Aviation Committee, 2008; Eidgenoessisches Departement für Umwelt, 
Verkehr, Energie und Kommunikation, 2002). Thus, the results can be taken as empiri-
cal evidence that a general change of the AI format from the current MH standard to the 
MA format in future aircraft might be beneficial and possible without much risk. In any 
case, the MA format should be seriously considered as the standard AI with regard to 
ground control stations of unmanned aerial vehicles.  
However, as this research also demonstrates, recommendations concerning spe-
cific displays should not only be based on a limited range of task and limited set of appli-
cations. Instead, all relevant flight tasks and contexts, which might be affected by the 
change, must be examined together as comprehensively as possible. The current recom-
mendation in favor of the MA format has been based on investigating three different 
tasks, including a simulation of flight path tracking and recoveries from unexpected 
continuous and discrete attitude changes. All of these tasks can be considered as repre-
senting typical demands pilots have to cope with in nominal or off-nominal situations. 
Together with the fact that we used AI displays, which were as similar as possible to typ-
ical AIs in modern PFDs, we assume that the results are generalizable to real flying. 
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However, the tasks used certainly do not include all typical tasks to be performed with 
support of the AI. For a complete understanding of performance consequences, future 
research should also consider other flight tasks, for example, the active adjustment to a 
given attitude change (see for a first example Janczyk et al., 2015) or dynamic transi-
tions from ordinary flight path tracking to a recover situation. In addition, before gener-
ally accepting the advantages of the MA format, it will be necessary to investigate its ef-
fects as part of head-up displays or synthetic vision displays. These displays present the 
AI superimposed on the natural horizon or at least a synthetic depiction of it, which 
might involve new compatibility issues between the movements of the AI and the move-
ments of the natural horizon line.  
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